Observational studies suggest that shift work may be associated with prostate cancer. However, the results are inconsistent. The objective of this study is to quantitatively assess the association between shift work and the risk of prostate cancer. Relevant studies were identified by a comprehensive search of the PubMed, Embase, Web of Science and China National Knowledge Infrastructure databases to September 2017. We also reviewed the reference lists from retrieved articles. Observational studies that reported relative risk (RR) with 95% confidence intervals (CIs) for the association between shift work and the risk of prostate cancer were included. Linear and non-linear dose-response meta-analyses were performed. Fifteen studies with 16 independent reports involving 2 546 822 individuals and 10 715 patients with prostate cancer were included. The pooled adjusted RR for the association between ever exposure to shift work and prostate cancer risk was 1.23 (95% CI, 1.08-1.41; P < 0.001). A non-linear association of prostate cancer risk with duration of shift work was identified (P for non-linearity = 0.001). Subgroup analysis demonstrated a higher pooled RR of prostate cancer for studies among Asian populations (RR = 1.98, 95% CI, 1.34-2.93; P = 0.618). A positive association was observed in rotating shift groups (RR = 1.10, 95% CI, 1.00-1.26; P = 0.156), but not in other shift groups. Integrated evidence from this meta-analysis suggests that shift work is significantly associated with an increased risk of prostate cancer, and a non-linear association between duration of shift work and prostate cancer was found.
Introduction
Prostate cancer is the second most frequently diagnosed cancer in men worldwide, with 1.1 million new cases estimated to have occurred in 2012 (1) . By the year 2030, the number of prostate cancer will increase to 1.7 million individuals worldwide due to the growth and aging of the global population (2) . Advancing age, ethnicity and family history of prostate cancer are the only well-established risk factors (3, 4) . Other factors, such as physical activity, body mass index (BMI) (5), hormones and diet (6, 7) , are also thought to be associated with the risk of prostate cancer (8, 9) . It has been proposed that the risk associated with shift work could be explained by decreased exposure to daylight, increased the levels of sex hormones or suppression of melatonin, which might stimulate the growth of prostate cancer cell (10) (11) (12) .
Shift work, a method of organizing work schedules, included irregular hours other than fixed daytime hours and often resulted in exposure to light at night and sleep and circadian rhythm disruption (13) , which was essential to be part of some occupation, such as health, sales and service, manufacturing and transportations (14) . Shift work comprised regular evening or night schedule, rotating shifts, on call or casual, split shifts, irregular schedules and non-day schedules (15) (16) (17) . It was reported that the prevalence of shift work among the U.S. working population and European countries was 29.0% (18) and 19 .0% (19) , respectively and was 36.1% of employees exposed to shift work in China and Korea (20) . Thus, investigating the potential role of shift work in the etiology of prostate cancer is of considerable priority in clinical medicine and public health.
Increasing interest has been received by the public about the effects of shift work on the risk of prostate cancer; however, the findings were inconsistent. A previous systematic review (16) summarized the relationship of shift work with the risk of prostate cancer risk but did not apply the quantitative techniques to compute the pooled risk estimates. In 2015, a meta-analysis conducted by Rao et al. (21) assessed the association between shift work and the risk of prostate cancer, and concluded that shift work was associated with an increased risk of prostate cancer. However, there were some limitations in the review. In the study, only eight studies were included. Since then, more studies have been published. Moreover, the meta-analysis did not investigate the non-linear dose-response relationship. Importantly, several issues emerged from the inconsistent results of later studies that still warranted further investigation, including whether it was shift work that increased the risk of prostate cancer according to the different ethnic backgrounds, and whether the associations were consistent among different types of shift schedule and which levels of duration of shift work had the lowest risk. To investigate these key issues, we conducted a meta-analysis designed to investigate the association between shift work and prostate cancer risk and to quantify the dose-response relationship between shift work and prostate cancer risk.
Methods
This meta-analysis was conducted following the checklists of Metaanalysis of Observational Studies in Epidemiology (MOOSE) guidelines for the background, design, analysis and interpretation (22) .
Search strategy
We conducted a comprehensive search of the PubMed, Embase, Web of Science and China National Knowledge Infrastructure databases up to September 2017 for studies that examined an association between shift work and prostate cancer risk. The search terms were 'shift work' or 'shiftwork' or 'night shift work' or 'work schedule tolerance' or 'rotating shift work' or 'light at night' or 'work at night' and 'prostate' or 'prostatic' and 'carcinoma' or 'neoplasm' or 'cancer' or 'tumor.' The search was restricted to studies in humans, without restrictions on language. Additionally, the reference lists of retrieved articles were manually reviewed for additional relevant studies. The titles and abstracts of all identified articles were screened by one investigator (Y.G.) for potential relevant articles; the eligibility of the selected full-text articles was reviewed by two investigators (Y.G. and L.W.Z.).
Inclusion criteria
Studies meeting the following criteria were included in the meta-analysis: (i) the study was a case-control or cohort study design, (ii) the exposure of interest was shift work, and the outcome of interest was the risk of prostate cancer and (iii) the study reported risk estimates with 95% confidence intervals (CIs) for the association between shift work and prostate cancer or provided sufficient information to allow their calculation. Animal studies, clinical trials, reviews, letters and commentaries were excluded. Studies were also excluded if they involved involuntary or non-workrelated nighttime light exposure, or included subjects with recurrent prostate cancer. When multiple publications from the same study population, we included the publication that presented the results with most complete information or the publication with the largest number of cases.
Data extraction
A standard extraction form was used to collect the following information from studies included name of the first author, publication year, study location, study design, sample size, age (range or mean age at entry), duration of follow-up (only for cohort studies), outcome measurements, definition of exposure, type of shift work, number of cases, risk estimates and corresponding 95% CI and covariates adjusted for in the statistical analysis. Risk estimates with the most adjustment (when available) were extracted. According to the original study methodological description, shift work schedules were classified as rotating, night, mixed and evening shifts. Data extraction was conducted independently by two investigators (Y.G. and L.W.Z.).
Quality assessment
Two reviewers (Y.G. and C.G.) independently performed the quality assessment using the Newcastle-Ottawa Scale (23) (for cohort and case-control studies). The scale was a nine-point scale that allocated points based on the selection process of the cohort study or case-control study (0-4 points), the comparability (0-2 points) and the identification of the exposure or the outcomes of study participants (0-3 points). The score ranges from 0 to 9 points, with a higher score representing higher study quality.
Data synthesis and analysis
We preferentially pooled multivariable-adjusted risk estimates, where such estimates were reported. The relative risks (RRs) were considered as a common measure of the association between shift work and prostate cancer. We combined the case-control and cohort studies in the primary metaanalysis because odds ratios and RRs provide similar estimates of risk when the outcome is rare (24) . For studies that reported results separately by work schedules, we combined the estimates using a fixed-effects model to obtain an overall estimate for prostate cancer in the primary meta-analysis (25) . Dose-response meta-analysis of shift work and prostate cancer risk was done using methods reported previously (26, 27) , which facilitated the calculation of a pooled RR across studies with a common unit of comparison within studies (the RR associated with an increment of 5 years of shift work in this review), assuming a linear dose-response relationship. Additionally, we tested for potential non-linearity in the association between shift work and prostate cancer risk using a restricted cubic spline model with four knots at fixed percentiles 5, 35, 65 and 95% of the distribution (28) .
Statistical heterogeneity among studies was evaluated using the I 2 statistic, where values of 25, 50 and 75% represented cutoff points for low, moderate and high degrees of heterogeneity, respectively (29) . When appropriate, we used a fixed-effects model or random-effects model. The RRs were pooled using the fixed-effects model if no heterogeneity was detected, or the random-effects model otherwise, and the weights were equal to the inverse variance of each study's effect estimation. We conducted subgroup analyses and sensitivity analyses to explore potential heterogeneity across studies, and the differences among subgroups were tested by meta-regression analysis (using STATA 'metareg' command). We also conducted leave-one-out analyses (30) for each study to examine the magnitude of influence of each study on pooled RRs.
Potential publication bias was assessed with the funnel plot, the Begg correlation test (31) and the Egger's linear regression test (32) , with the results indicating publication bias when P < 0.10. All statistical analyses were performed with STATA version 12.0 (StataCorp, College Station, TX). Except where otherwise specified, P values were two-tailed with a significance level of 0.05.
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Results
Study selection
The results from the literature search and study selection are presented in Figure 1 . The initial search identified 612 articles from the PubMed, Embase, Web of Science databases and China National Knowledge Infrastructure databases. After the initial screening, based on the titles and abstracts, 171 articles remained for further full-text assessment. After retrieving the full-text review for detailed evaluation, 15 studies examining the association between shift work and prostate cancer risk were identified.
Study characteristics
The main characteristics of the included studies published between 2002 and 2017 are summarized in Table 1 , including nine prospective cohort studies (12, 13, (33) (34) (35) (36) (37) (38) (39) , two retrospective cohort study (40, 41) and four case-control studies (42) (43) (44) (45) . Eight studies were from Europe, one from the United States, two from Canada, two from Japan, one from China (Hong Kong) and one was international collaboration. The numbers of participants in each study ranged from 912 to 2 102 126, comprising 2 546 822 individuals and 10 757 cases of prostate cancer. The major adjustment confounding factors included age, smoking status, educational level, BMI, physical activity and area of residence. Shift schedules were classified as rotating shifts (six studies), night shifts (eight studies), mixed schedules (four studies) and evening shifts (one study); three studies reported more than one category. The average Newcastle-Ottawa Scale score for all included cohort and case-control studies was 7.6 and 6.3, respectively.
Association between shift work and the risk of prostate cancer
The results from the random-effects model combining the RRs of prostate cancer in relation to ever exposure to shift work are shown in Figure 2 . The pooled RR of prostate cancer for shift work was 1.23 (95% CI, 1.07-1.41), and a high degree of heterogeneity was observed (P < 0.001; I 2 = 82.70%). For cohort studies, the combined RR was 1.10 (95% CI, 1.00-1.22), and there was a moderate heterogeneity (I 2 = 57.5%, P = 0.007). For case-control studies, the combined RR was 1.58 (95% CI, 1.04-2.42), and substantial heterogeneity was detected with an I 2 = 92.00% across case-control studies.
Dose-response analysis of shift work with the risk of prostate cancer
Three studies (42) (43) (44) with four reports were included in the dose-response analysis of shift work with prostate cancer risk. 
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The summary RR was 1.06 (95% CI, 0.99-1.14) for each increment of 5 years shift work, with a high heterogeneity (I 2 = 82.80%; P = 0.001; Figure 3 ). In the cubic spline model that included all studies, a non-linear association between shift work and the risk of prostate cancer was identified (Figure 4 ; P for nonlinearity = 0.0001). Compared with people who had never been exposure to shift work, the RR directly estimated from the cubic spline model was 1.30 
Subgroup analysis
The results from subgroup analyses that examined the stability of the primary results and explored the resources of potential heterogeneity are shown in Table 2 . To assess whether specific study characteristics influenced the association between shift work and prostate cancer risk, we performed subgroup analyses by shift schedule, study design, study location and whether smoking, BMI, family history of prostate cancer or physical activity were controlled or not in models. Shift work was associated with an increased risk of prostate cancer in most subgroups. The increased risk was more evident in the groups of night shift schedule, Asian populations and statistical control for BMI or physical activity. Subgroup analyses by shift schedules showed that a significantly positive association between the risk of prostate cancer and rotating shifts was identified, but a significant association was not found in other work schedules. Additionally, the increased risk was more pronounced for participants from Asia than Western countries (see Table 2 ). 
Sensitivity analysis
Sensitivity analyses were used to find potential origins of heterogeneity in the association between shift work and prostate cancer risk, and to examine the influence of various exclusion on the combined RR, and test the robustness of all results above. We compared the fixed-effects and random-effects models but did not find a significant difference in the pooled RR between the two groups (fixed-effects model pooled RR = 1.10, 95% CI, 1.06-1.14, random-effects model pooled RR = 1.23, 95% CI, 1.08-1.41). The exclusion of this study by Schwartzbaum et al. (36) that had the largest sample size yield a pooled RR (1.27; 95% CI, 1.08-1.50). Moreover, when this large sample study was excluded, the associations with shift work were still stronger in Asian (RR = 1.98; 95% CI, 1.34-2.93) than in European population (RR = 1.21; 95% CI, 1.02-1.43). The difference between ethnicityspecific relations was robust and was not driven by the large sample study. Therefore, it was relatively appropriate to combine the results from small studies together with a big study in this meta-analysis. The positive association was not materially changed in the leave-one-out analyses by omitting one study at each turn, with a pooled RR ranging from 1.12 (95% CI, 1.03-1.23; P = 0.004) to 1.27 (95% CI, 1.10-1.46; P < 0.001), which indicated that the overall result was significantly influenced by none of the individual studies.
Publication bias
Visual inspection of the funnel plot did not identify some asymmetry (see Figure 5) . The Begg's and Egger's tests did not provide any significant evidence of publication bias for studies that investigated the relationship between shift work and prostate cancer (Begg's P = 0.260, Egger's P = 0.106).
Discussion
This meta-analysis of 15 observational studies with 16 independent reports including 2 546 822 participants (10 715 patients with prostate cancer) showed a positive association between shift work and prostate cancer. Compared with individuals who had never shift work exposure, the risk of prostate cancer was increased by 23% for shift workers. There was some evidence of a non-linear dose-response relationship between years of shift work and the prostate cancer risk, with the strongest increase in risk at longer duration of shift work.
One previous studies published in 2015 (21) investigated the evidence of shift work's impact on the risk of prostate cancer. Results of our meta-analysis generally concur and further complement the findings of previous review mentioned by reviewer in several important aspects. Our meta-analysis included seven additional cohort studies with larger sample sizes and many more cases, which significantly increased the statistical power to detect the potential associations of shift work with prostate cancer. More importantly, the non-linear dose-response analysis between shift work and prostate cancer was investigated in the present meta-analysis. Our subgroup analyses obtained two valuable and important findings. One finding was that the pooled RR of prostate cancer for rotating shifts workers (1.10, 95% CI, 1.00-1.26) was statistically significant but were not significant in other shift groups. Due to that the frequency of rotating shift schedule was much higher than other shift schedules, thus, we could preliminarily speculate that the higher the frequency of shift work, the greater the prostate cancer risk. Of note, the rotating shift was more common in the type of shift schedules, which forced shift workers to adjust his body functions to the duty periods and could not made the body properly adjust to the sleep pattern changes (17) . In most cases, the human body was exposed to continuous stress from attempts to adjust as quickly as possible to the varying working hours, while at the same time being invariably frustrated by the continuous shift rotation groups (46) . Therefore, the health effect of rotating shift groups may be more profound and pronounced than other shift groups, which was observed in our subgroup analysis. Future populationbased study that is able to build on our results while examining additional shift work characteristics will further clarify whether some shift patterns have a greater impact on prostate cancer than others. Another finding is that the pooled RR was higher for Asian populations (1.98; 95% CI, 1.34-2.93) than for Western populations (1.18; 95% CI, 1.04-1.35). This is a very interesting phenomenon. Potential reasons are still unclear. These observed differences may in part reflect the differences in genetic susceptibility or just due to chance because of limited study. In addition, the differences may attribute to the limitations of studies' design, as two studies conducted in Asia were case-control design. The result has a greatly important value, which provides a clue for future studying the biological mechanisms between shift work and prostate cancer on the ethnic background difference. Additional population and laboratory studies are clearly warranted to investigate the potential differences between the different ethnic backgrounds.
As with many meta-analyses of the observational literature, there were some variations in the definition of shift work. Lacking consistent definition of work shifts in different individual studies may lead in certain degree of misclassification, and may be the potential source of heterogeneity. This may partly explain the difference of the pooled risk effect.
There were several biologic mechanisms through which shift work in general could increase the risk of prostate cancer. Firstly, shift work could disturb the normal synchrony with the light-dark cycle, sleeping and eating patterns, which may cause a mismatch of circadian rhythms, and it was already known that the circadian disruption may accelerate the development of prostate cancer (47) . Secondly, the melatonin pathway was most frequently implicated in the observed increase in tumor incidence among shift workers (12) . Melatonin might protect against cancer development through several pathways, including antioxidation, antimitosis, antiangiogenesis, and the regulation of the immune system (48) . Suppression of the melatonin might directly inhibit proliferation of cultured prostate cancer cells (49) . Thirdly, decreased exposure to sun light was known to be a risk factor for prostate cancer (50, 51) . Night work may decrease the exposure of sun light and subsequently reduce the levels of vitamin D (52) . Research findings showed that solar ultraviolet-B and vitamin D reduced the risk of prostate cancer (53, 54) .
Strengths and limitations
This meta-analysis has several notable strengths. As shift work is increasingly prevalent in modern society, the results of our study not only can act as an etiology explanation but also can increase public awareness. In addition, we quantified the association between duration of shift work and the risk of prostate cancer by carrying out linear and non-linear dose-response analyses, which could help to quantify the associations and examine the extent of these possible associations. An N-shaped association of duration of shift work with prostate cancer risk was found.
Some potential limitations to this study should be acknowledged. Although the shift work was relatively objective and specific, it was not clearly defined in most original studies, which may affect the judgment of the results. The different definitions for shift work exposure across studies may bring the heterogeneity into studies' results. In addition, although we extracted the most fully adjusted risk estimates, adjusted confounders varied among included studies, the possibility of residual confounding by imprecisely or unmeasured factors could not be excluded. Finally, although publication bias can be a problem in meta-analyses of published studies, we did not find evidence of such a bias in this analysis. More effort should be put into future research. We suggest that firstly, the investigators to improve the standardization of different shift schedules and outcome definitions would get stronger research evidence. Secondly, given that the studies included in our meta-analysis were conducted in affluent countries (areas) in North America, Europe, Japan and Hong Kong, the results should not be extended to developing countries. In order to make the finding generalize to other populations, more studies conducted in other populations from Asia, Africa and South America are warranted. Finally, more prospective and interventional studies are needed to explore the underlying mechanisms and to determine the cause and effect relationships of shift work with prostate cancer. For public health perspective, investigating the association between shift work and prostate cancer may help in establishing or modifying the current policies and regulation on how shift work should be conducted. Furthermore, more studies on identifying the most vulnerable subsets of shift workers and the effects of shift modifying strategies on overall health are warranted. 
Conclusions
In conclusion, the results of this meta-analysis suggest that the risk of prostate cancer is 23% higher among shift worker. This non-linear association of prostate cancer with duration of shift work was observed. Studies with larger sample sizes and longer follow-up times are warranted to replicate our results. Given the increasing prevalence of shift work and prostate cancer worldwide, making out an ergonomic shift schedules should be recommended to protect against the risk of prostate cancer.
Funding
No funding was received for this systematic review.
